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SUMMARY

The results of several years' experience in the operation of a
emall water channel have shown that the hydraulic analogy can be used
successfully to demonstrate many two—dimensional compressible—flow
phenomena. Attempts to use the 20—inch—wlde water channel at the
Langley Laboratory for ressarch projects, however, led to difficulty in
the interpretation of the data with respect to practical flight problems
because of the low value of the Reynolds number in the water channel.

A channel permitting Reynolds numbers as large as 3,000,000 &t tunnel
choking would have to be approximately 10 feet wlde if the water temper—
ature were 200° F or 20 feet wide if the water temperature were 100° F.

The problem of maintaining a stable stream velocity has bsen solved
by using a welr to control the total head and a variable—width Laval
nozzle to control the mass flow through the chammel. This system was
capable of holding the stream velocity constant within one-half of 1 per—
cent for an indefinite period.

The water channel is recommended ss an effective low—cost demon—
stration instrument for use in the teaching of aerodynemic compressible
flow and as sn ingtrument for quickly checking new ideas.

INTRODUCTION

The application of the hydraulic analogy to the investigation of
compressible—flow phenomena has previously been discussed in reference 1.
Since the publication of that paper, a number of modifications have been
made on the weter chammel in operation at the Langley S8~foot high—speed
tunnel which have definitely Increaged the ease of operation of the
channel and the accuracy of the data obtained therefrom. The principles
involved in these changes are presented along with a number of suggestions
concerning the design of such a channel and Iits uses.
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The auxiliary apparatus, such as depth—swrvey systems, stream—
velocity controls, manometers, and equipment for flow observation by
optical methods, is considered in detail because the more Ilmportent
advences in the water channel have been improvements in the suxiliary
apparatus. Suggestions are also included that concern the operation of
& water channel, the adjustment of the test~ssction floor shape .in order
to obtain a flow in the test section free from velocity gradients, the
computetion of data, and precautions necessary for proper lnterpretation
of the data obtalned.

SYMBOLS
a veloclty of sound
d height of water surface above floor at test—sectlon entrance
dq stagnation depth of water
g acceleration due to gravity
) chord of model
M Mach number
P local pressure
D, stagnation pressure
R redius of curvature of surface
R, Reynolds number
T local temperature
T, stagnation temperature
v veloclty of water
W width of chamel
4 ratio of specifilc heat-at“constént pressure to specific heat

at constant volume

6 slope of water surface
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vigcoslty of water
density of fluid

stagnation density

DISCUSSION OF THE HYDRAULIC ANATOGY

Neture of the Analogy

&

A theoretical discussion of the analogy between the flow of water

with & free surface and the two—dimensional flow of a compressible ges

is presented in reference 2.

The following table taken from reference 1 presents the analogous

relationships derived from a consideration of the emergy, continuity,

N and potentisl equetions of the two types of flow:

" Significant quantities and
characteristics of two—
dimensional compressible
gas flow, 7 =2

Corresponding values in
analogous liquid flow

Tempersture ratio T/To

Density ratio p/po

Pressure ratio p/po

"Velocity of sound a = %2

Mach number V/a

Subsonic flow
Supersonic flow

Shock wave

Water—depth ratio d/do
Water—depth ratio d/do
Square of water-depth
2
ratio (d/do)

Wave velocity \[ed  1-L¥# §s

Mach number V/\[gd _
Streaming water Vi 67 frs
Shooting water

Hydraullc Jump

Inasmuch as the analogous relationships depend upon the depth of the
water end no other variable remains to represent & third dimension, the
hydraulic analogy is strictly limited to two—dimensipnal phenomena.
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Uses of the Hydraulic Analogy

A unique feature of the hydraullc analogy 1s the possibllity of
obtaining undisturbed measurements in the flow field about a two—
dimensionel profile shape. This feature ls of value for the study of
varlous phenomensa such as the interference of the hurmel walls on the
flow aboubt models or the gtudy of shock phenomensa Iln supersonic flow
fields. The channel 1s elso useful for the demonstration of meny com—
pressible wind—tunnel phenomena such as choking in subsonic wind tunnsels,
schlieren and shadowgraph principles, and flow in & supersonic nozzle.

WATER—CHANNEL DESIGN

The design of a water channel 1s somewhat similar to that of a wind
tunnel. (See fig. 1(a).) The water flows from a lerge quieting section
through & converging entrance section, where 1t 1ls accelerated, into a
congtant-velocity test sectlon where the model is placed; finally, a
pump or propeller returns the water to the quleting sectlon. The channel
shown in figure 1(a) is the vertical-return type and is considered more
satisfactory then the horizontal-return type shown in figure 1(Db)
because less space 1s required and the water surface is not disturbed
with turning veanes. The horizontal design (fig. 1(b)) would probably
be more satisfactory for large lnstallations because most of the channel
could be supported directly on the ground and could be bullt of concrets.

Entrance Sections

Two types of entrsnce sections are shown in figure 2, each of which
mey be used with elther type of chanmnel. The vertlcal entrance section
(fig. 2(a)) has the same width as the test section and comstricts the
water flow by changing the depth of the channel. In order to avold waves
in the test—section and to assure & uniform velocity dlstribution throughout
the depth of the water, the final approach of the entrance floor to the
test sectlon should be very gradusal.

The horizontal entrence section (fig. 2(b)) has a level floor in the
plane of the test section. The analogy applies to thils entrance section
a8 well ag to the test section and, as a result, the principles of design
of two—dimensional wind~tunnel entrance cones may be applled. The wide
settling basin required for this entrance section makes the channel more
expensive because of greater space and material requirements. Same diffi-—
culty was experlenced wlth the use of this type of entrance because of
secondary flow at the vertical walls, such as described in reference 3.
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Test Sections

The walls of the channel through which the water flows must be perpen—
dlcular to the surface of the water and the floor over which the water flows
must be & horizontal plane In order that the pressure of the fluild at any
polnt may depend only on the helght of the free surface at that point.

The conditlon on the walls msy be included in the design, but the floor
must be modified because of the growth of the boundery layer. Thus, the
effective rather than the physical floor should be plane and horizonteal.
The floor, therefore, must be designed so that its shape can be adjusted.
A suggested method 1s shown in figure 2(a) in which the test—section floor
is supported on blocks, the height of which may be varied by using shims,
or on & set of screws placed through the lower floor. The greater versa—
tility of the screws is not necessary for subsonic teat sectlons, as the
floor setting need not be changed once satisfactory flow is attained.

If visual observation methods are to be used, glass plates are
required in both floors for the transmission of light through the water.

Circulating Systems

The pump used Tor the circulation of the water should be designed
for a pressure incresse of two to flve times the total depth of the water
plus the losses in the antiturbulence screen. The maximum volume of flow
must be equal to the amount required to choke the tunnel. A marine pro—
peller is considered the best sulted for this purpose, as it can pump a
large volume of water at a low pressure and .with a minimum incresse in the
turbulence level of the water. Several types of installation may be used.
The arrangement shown in figure 1(a) does not require that a packing gland
be kept watertight as would be the case 1f the drive shaft passed through
the tunnel wall,

Construction Materials

Experience with the chammel in operation at the Langley 8—foot high—
speed tunnel has shown that the most important malntensnce problems are
caused by the formation of ruet and the growth of algae. The algae may
be inhibited by using a small emount of copper sulphate in the water. The
use of stesel has proven unsatisfactory since 1t promotes the formetion of
rust and the presence of iron causes the copper to precipitate out of the
solution, thereby rendering it ineffective against the algae. It is thére—
fore desirable to use some other materlasl which does not possess the
characteristics attributed to the iron.
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MODEL DESIGKN

Models are restricted to two—dimensional sections with the axis
perpendicular to the water surface. A sketch of airfoll-type models is
ghown in figure 3. The pressure orifices should be flush wlth the surface
and have emall openings loceted near the bottam of the model. For reasoms
to be discussed later, the model shown in figure 3(b), which has pressure
manometer tubes within the model, mey prove convenient. Because of the
space required for the tubes, this type model could be used only in a large
chanmel. The material of which the models are made must be unaffected
by the water.

AUXTLIARY EQUIFMENT

Depth-Survey Systems

Because surveys of the depth of the water in the test section are
required, & gystem ls necessary which permite measurement of the depth
of the water at any point over the test section. Such a system is shown
in figure 4 in which & depth gage 1s mounted on two sets of rails in such
e manner that it msy be moved to any polnt over the test section. The
tolerances in design and construction of the cross—rail system should
permit meassuring the depth of the water to one part in a thousand.

The system msy be designed for hand operation of the depth gage if
the channel is less than 40 inches wide. If the chanmnel is over 40 inches
wide, remote control of the survey system is desirable. The possibility
of mounting several depth gages on the cross ralls could be considered
for reducing the time required to teke surveys in a large chammel.

The depth gage should have an indicating system which is sensltive
to about 0.0005 of the total depth of the channel. The range of the
indicating system should cover the distance between the floor of the
channel and the total depth of the water. 'If & gage 1s not available
which will cover the entire range, different length probes msy be used
to extend the range. The probes should have noncorrosive tips, preferably
platinum,

An electronic relay which indicates contact of the probe and the
water surface is very convenient and is required when the capillary
conditions or other flow conditlons render a visual observation of the
contact of the probe with the water surface almost Impossible. Because
the relay is commected between the probe and the weter, the probe must
be insulated from the frame of.the supporting carriage.
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Velocity—Control Equlpment

Subsonilc velocities of the water may be controlled by use of a
varisble—speed motor to drive the propeller. The speed—control require—
ments on such a motor are, however, qulte rigorous. In order to set
the channel at Mach numbers near 1, the motor speed must be variable by
increments of one part in a thousend and must remain constant within one
nart in a thousand. ZEven 1f the motor speed control meets these rigid
specifications, the stream Mach mumber varies over & period of time
because sevaporation and leakage losses change the total depth of the
water and changes of resistance in the antlturbulence screen due to
collection of rust and algae change the pressure drop available to force
the water through the test section.

In order to eliminate these problema, asnother system of veloclty
control was devised for and used in the water channel at the Langley
8-foot high—speed tunnel. This system consists of two parts; ome
controls the total head, and the other controls the mass flow for eny
given total hesad. .

The total head is held constant by replacing a long, level, over—
flow weir across the settling basin. (See fig. 5(a).) The flow over the
wolr is drained into an open outside tank amnd. then pumped back into the
channel with a constant—volume pump. The fact that this system will main—
tain the total head at a constant value may be seen by examining the flow
conditions. Suppose that a change occurs during the operation of the
channel which will cause the totel depth to increase; then more water will
flow over the weir than 1s returned by the pump end, as a result, the total
depth will decrease to its original velue. ILikewlse, 1f the total depth
decreases, less water will flow over the weir than 1s returned by the
pump and, thereby, the total depth is increased to 1ts original value.

The stream velocity wes controlled by placing & Laval nozzle of
ad justable width in the chammel downstream of the test section. (See
fig. 5(b).) The back pressure downstream from the nozzle was held low
enough to choke the flow through the nozzle. By .changing the width of
the nozzle, the mass flow through 1t and, consegquently, the mass flow
through the test section could be controlled very readily and, thus,
an excellent and stable control of the stream velocity and Mach number
is provided.- '

The entire veloclity—control system proved to be very satisfactory.
For example, several floor boundary—layer tests were made which required
that the channel operste et a stream Mach number of 0.980 for a period
of 8 hours. This control system held the Mach number of the channel
within one-half of 1 percent of that value for the entire period with
no changes in adjustment, an achlevement which is practically lmpossible
to attain by means of a varisble—speed drive—motor system.
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An alternate method of stream—velocity control 1s suggested in
figure 5(c). This method uses the flow over a weir of adjustable
height, rather than the variable-—width Laval nozzle, as a control of the
mass flow through the chamnnel. This method has not been used in the
Langley channel but should be equally successful. Either method requires
very sensitive means of adjustment 1f adequate control of stream Mach
numbers near 1.0 1s desired.

Manometers

The water depths close to a wall cannot be read with a depth gage
because the capillary attraction of the well for the water surface
ralses the local height of the water level; hence, the water depths at a
wall or model surface must be read by means of pressure orifices connected
to tubes in a manometer. The design of several manometers used in the
Lengley chamnel is shown in figure 6. Inasmuch as the water—depth
increments which are to be measured are quite smell, the tubes must be
slanted as in figure 6(a) to magnify the readings, or a micrometer depth
gege must be used to read the depths as in figure 6(Db).

The slant—tube board 1s easler and faster to read than the vertical—
tube board but is less accurate because of the greater effects of the
capllliery attraction of the tube for the water surface. The vertical-—
tube system is recommended where accurate results are required. This
system 1s more accurate because the depth gage can be read more closely
and because the caplillary attraction of-the larger tubes is much smaller
g0 that the inherent error of the system 1s reduced. The tubes in
elther system must be kept clean so that the capillary attractions will
be uniform for all the tubes and can be eliminated in the calibration
of the manometer.

Streamline Systems

A gtreamline system is convenient for the gtudy of streamline
patterns, tunnel turbulence, separation, wakes, and other phenomensa.
Hypodermic syringes with needles having the points ground off and the
ends bent through a 90° turn have been uged with fair success. A
methlyene~blue dye solutlon was used to indicate the streamline.

Shadowgraph and Schlieren Systems

Because the slope of -the water surface wlll bend 1light just as does
a density gradient in air, the same optical methods may be used for
visual observation of the flow. Although the same principles are used,
the operationsl cheracteristics of the systems used wlth the channel can
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be expected to be different because of the greater bending of the light.
The light path through the water may be bent 10° or more, whereas in
air the meximum bending is of the order of 1' or 2' or less. Thus, the
requirements on optical systems for the water chennel will be much less
severe than those for alr. In fact, the schlieren system presents the
problem of reducing its sensitivity to such an extent that the range of
contrast found in the image will be representative of the entlre range
of slopes of the water surface. Usually, shadowgraph systems are
employed instead of schllieren systems because of their simplicity and
lower sensitivity.

The optical parts of the shadowgraph system used 1n the Langley
channel -ere shown in figure 7. The only equipment required 1s a point
light source, optical condenser, mirror, ground—glass screen, and camera.
None of the components are critical. An arc lamp, autamobile headlight
bulb, or any other brilliant polnt source may be used as the light source.
The camera should be capable of taking a good exposure at 0.005 second
in order to prevent blurred pictures of unstable phenomena. Several
exemples of shadowgraphs may be observed ln the figures of reference 1.

The addition of schlieren equiyment to & channel would be excellent
for demonstrating the mechanics of a schlieren system but, for the reasons
previously dlscussed, might not be satlsfactory for flow observation.

The requirements of a water—chsannel schlleren system are opposite to
those of an air system. In order to reduce the sensitivity, the focal
lengths must be as short as possible and the stop openings.much larger
than those used for alr. These requlrements suggest the use of lenses
with £ 2 to £ 3 aperture retings end stop dimensions equal to 10 to 20 per—
cent of the focal length of the lenses. The arrangement shown in
figure 8 was tried and not consldered satisfactory because the optical.
condensers would not form a falr image of the 'airfoll and because the
image was brilliantly 1lluminated along the lines of zero slope of the
water surface and derk over the remainder of the image, so that an
interpretation of the entlre field is prevented.

ADJUSTMENT AND OFPFRATION TECENIQUE

Calibratione and Maintenance

In order to obtain accurate data, both the measuring instruments
and the channel test sectlon must be carefully callbrated and meintained.
The depth gage should be checked by measuring the height of a calibrated
gage block set at a definite reference point on the test-section floar,
for example, the center of the model location. Then the chamnel should
be filled to approximately the height of the gage block, and a survey of
the depth.of the static water should be made to check the accuracy of the
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depth—ourvey system. If the depth gage readings over the entire test
section are not equal to the reading at the reference polnt, the incre—
ments between the reference—polnt readlng and the readings at the local
roints should be calculated and used as corrections to the local readings
to obtaln the true depths of the water. The same process should also

be used for each manometer except thet, instead of referring to & gage
block, a known depth of water in the chennel as determined by the previ—
ously calibrated depth-~survey system may be used as the ghtandaid reference
point. PField—survey plots of the calibratlion increments facilitate the
correction of data.

Experience has shown that all callbrations are sensitive to differ—
ential expansions ceused by changes in the temperature of the rocm in
which the chennel is located. This problem was met by keeping the
temperature constant within +3° F.

The regular maintenance of the chammel should include cleaning the
antiturbulence screens dally, or oftener if needed, keeping the floors
and walls free from rust, algase, and other surface—roughening conditions,
and occasionally checking the various celibrations. The callbrations of
the depth-survey system may be expected to be qulte stable; whereas the
calibratlon of the manometers requires checking at frequent intervals.

Ad justment of Test-Section Floor Shape to Obtain Uniform Flow

After a chammel ig in operation, & survey of the veloclty distribu—
tione through the test sectlon will probably show that the velocity is
nonuniform. The nonuniform condition may be removed by properly
ad Justing the shape of the test-sectlion floor. As a first trial, the
shape of the floor should be set to compensate for a boundary layer
calculated from conslderations of the flow along & flat plate. (See
reference 4.) This setting should be checked by operabing the channel
at a Mach number of 0.95 to 0.98 at the model location. This Mach
number range is chosen because 1t represents & range in which the flow
1s extremely sensitive to the effects of the floor boundary layer.
Experlence has shown that flow free from velocity gradients at streeam
Mach numbers in the nelghborhood of 0.95 are free from velocity gradients
at lower stream Mach numbers. ’

After the velocity distribution of the adjusted floor is examined,
small nonuniformities mey remesin. These nonuniformities may be removed
by ralsing the floor slightly abt-low veloclty points and lowerlng the
floor slightly at high points. The floor should be level in the direction
transverse to the flow., It will be obgerved that progressively lowering
the downstream pressure below the velue requlred to choke the test
section progressively increases the stream Mach numbers to values
slightly greater than 1. The attalmment—of supersonic flow ig attributed
to a thinning of the floor boundary layer downstreem of the throat.
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Suggested Nomographs for the Calculatlon of Data

Reference 1 shows that the Mach mumber of the flow masy be calculated
by the formula

2@, — d)

d

M=

This formule may be plotted as shown in figure 9(a), in which each line
represents one Mach number and is a straight line through the point (0,0).
Such a graph is recommended to facllitate the computation of Mach numbers.

A gimilar graph may also be made up for velocities. The formula

for velocity V = @g(do — d) is shown as a nomograph in figure 9(b).

This chart is convenient for the computation of velocity ratios, incre—
ments, and other functlons pertaining to velocity.

CHANNELS FOR RESEARCH

The width of a channel which 1s to be used for research may be
obtained from a consideration of the Reynolds number of the flow about
a model st the tunnel choking condition. The Reynolds number of the flow
about a model, when the model 1s assumed to be completely submerged,
may be expressed by the formula

R = £ (1)

where

. .2.8._(%...___) . S

This formula msy be used to compute the channel width required to
obtain a glven Reynolds number &t choking if the ratio of the water depth
to the channel width and the ratio of the model chord to the channel
width are known. ZExperlence with the Langley channel has shown that a
falr compromise is obtalned between vertical-acceleration effects and
floor boundary—layer effects if the total depth of the water is one—
gixteenth of the width of the chammel. If reasonsbly small well Inter—
ference effects are to be obtalned, the chord of a slender model should
not be over one—fourth of the chemnel width. By substituting the

choking velocity for V (reference 1) and letting dy = llf6_ and 1 = %
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W [og W

P— —
R, = 213 16 (3)
R_ = 26,5200 2 ()

where ¥ 1is expressed in feet, p = 1.941 slugs per cubic foot,
= 0.00002111 slug per foot second at 68° F, and g = 32.2 oot per second
per second.

By solving equation (4) for W, it may be shown that a channel
capable of tests at an assumed model Reynolds number Bn of 3,000,000

should be 23.4 feet wide. The channel size masy be appreciably reduced
by heating the water. At 208° F, u = 0.00000607 slug per foot second,
and equation (4) becomes

R_ = 88,800%3/2 | (5)

The channel width at the elevated temperature condition i1s thus reduced
to 10.5 feet.

A channel that is to be used for research projects which require
model Reynolds numbers as large as 3,000,000 should be & minimm of 10
to 20 feet wide and should include provisions for operating at elevated
temperatures. Because the elevated temperatures wlll introduce new
problems such as steam over the water, uncamfortable working conditionms,
and excessive heat losses, same compromise of the temperature and chamnnel
width 1s probebly necessary.

Several of the disadvantages of the high water temperatures can be
eliminated. The welr veloclty—control system eliminates velocity changes
due to evaporation losses. Imsulating the entire channel would reduce
the amount of heat required to keep the water at operating temperature,
and keeping the channel covered except over the test section would reduce
the danger to persomnel. The manometer, which must be at the temperature
of the water, could be bullt-into the walls of the tumnnel. If the model
1s large enough, the tubes can be mountéd in the model and read with the
depth—survey system as previously shown in figure 3. The most difficult
problem would probably be the elimination of the steam over the test section
and the design of a survey system which would not corrode in the humid
gtmosphere.
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CHANNELS FOR DEMONSTRATION

Because many of the effects of compressibility may be shown at
lower Reynolds numbers than are reguired for feirly accuraste quantitative
date, & water chamnel that is to be used for demonstration of compressible—
flow phenomena may be much smaller than the suggested slze of a research
channel. The water channel used at the Langley 8-foot high—speed tumnel
is 20 inches wide and has been satisfactory for demonstration purposes.
Some of the results which have been obtained in this channel are given
in reference 1. A demonstration chammel could be somewhat wider than
the Langley channel, although its test-section width probably should not
exceed 40 inches because of the difficulty of operating the field—survey
equipment over the center of the test sectlon.

The chanmel which is to be used primarily for demonstration should
be versatile; that is, rapid changes of models, nozzles, and stream
velocities should be possible. If the weir veloclty—control system 1s
used, it should be supplemented with & varisble—speed drive motor. The
varigble—speed drive motor is very useful for rapld visual observation
of phenomene when the point of interest is the development of shocks 1n
the flow or other changes in the field about the model.

The propertles of the flow flelds msy be demonstrated either by
visual means or by measuring the fields with a depth—survey system. The
channel should be designed so that elther system msy be used. The use of
visuael obgervatlon methods requires that the floor be transparent and
that gufficient space be allowed under the test section for the location
of the required opticel equipment. Although visual cobservation is con—
venlent and rapld, many of the effects of compressibility cannot be
visually observed and, as a result, must be demonstrated by surveys of
the water surface. Thus, if a channel is to be useful for a variety of
projects, an accurate depth—survey system must be incorporated in the
design.

The uses of a channel as a demonstration instrument suggest that
1t would be a valusble low—cost plece of laboratory equipment to be used
in conjunction with a course in the aerodynamics of compressible flows.
Many experiments may be suggested which would help the student to gain
an understanding of the problems met in high—speed wind—btunnel research
technique. A few phenomens that can be demonstrated are: effects of
compressibility on alrfoil pressure distributions, streamline flow, wakes
and. flow separation, tunnel choking phenomens, subsonic and supersonic
nozzles, and subsonic and supersonic flow sbout airfoll sectlons.
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EVALUATION OF RESULTS (OBTAINED FROM WATER CHARNELS

The limitations of the hydraulic analogy that must be considered in
the analysis of data obtained from a water channel are:

(1) A value of the ratio of specific heats 7 different from that
obtained in air

(2) The requirement thet the verticel acceleration be small with
respect to the acceleration of gruvity

(3) The appearance of waves other than the long gravity wave which
corresponds to the sound wave 1n air

(4) The thick laminsr boundary lsyers exlsting at the low Reynolds
numbers characteristic of channels of practical size

The fact that 7 1s equal to 2 1s not as serlious a restriction on
the analogy as might at first be expected. A discussion of the subject
is presented in reference 1 in which it is shown that subsonic local Mach
numbers are not seriously affected by changes In 7. It msy be expected,
though, that the errors due to the incorrect value of 7 wlll become
more serious when the stream Mach numbers become much greater than 1.0.

The severity of the effects of vertical acceleration of the water
depends upon both the slope € of the water surface and the ratio of
the depth of the water 4 +to the radius of curvature R of the surface.
So long as both 6 and 4/R are emall the vertical acceleration will
be small compared to the acceleratlion of gravity. When elther 6 or d/R
or both become large, for example, near stagnation polnts on sharp-nose
alrfoils, near pressure peaks, and within shocks, the vertical acceleration
is an appreciable part of the acceleration of gravity, and hence may
seriously affect the results. The effect of apprecisble vertical acceler—
ations is to give an absolute value of the slope of the water surface
different from the absolute value required to represent correct compressible—
flow conditions. Thus, the water will not reach stagnation depths except
for very blunt models, the full value of the pressure peeks will not be
attained, and shocks will be diffused into broad bands. In fact, hydraulic
Jumps which are analogous to shock waves are not readlly observable unless
they are normal and stream Mach number is 1.5 or larger.

The effects of the caplllary waves are a. serious handicep to shadow—
greph observation because the waves are more prominent in the photo—
graphs than are many of the phencmena which the observer io studying.

An enslysis of shadowgraphs thus requires particular care in distin—
guishing between capillary waves and esnalogy phenomensa; however, when
the observations are recorded and plotted as depth surveys, the capillary
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waves usually appear as short sinusoldal waves with somewhat smaller
amplitudes then the analogy phencmens and may easily be falred out of
the final results. Field surveys may thus be plotted for analyses which
are relatively unaffected by capillary phenomena.

Severel sttempts have been made to reduce the capillary effects by
adding wetting agents to the water. The results showed fewer waves
originating at the walls and model because the wetting was more uniform;
howsver, unstable shocks, such &s thoge found in the mixed—flow region,
create dlsturbances which cause caplllexry waves so that the benefits
galned by the use of the agent were nullified.

The effects of the floor, wall, and model boundary layers on the
experimental results must also be considered in the analysis. The effects
of the floor boundery lasyer are the most serious, because this boundary
layer represents an appreciable percentage of the entire flow. One
effect of the floor boundary layer has already been mentioned, that is,
the attainment of lowsupersonic stream Mach numbers. Other observations
have shown that subsonic wall interference effects are reduced and the
choking Mach number appreciably increased because of floor boundery-—
layer effects. Thus, when results are obtained which are not in accord
with wind—tunnel experience, the effects of the floor boundary layer
should be analyzed for a possible explanation. The boundary layer on
small models causes separated flow which produces pressure distributions
different from those obtained if the flow does not separate. The effects
of the wall boundary layer are not serious, ag 1t represents but a small
Percentage of the total mass flow and 1s located same distance away from
the model.

It is because of the serious effects of the boundery layer that the
suggestion was made that any channel primerlly intended for research
should have as large a Reynolds number as possible. At the suggested
Reynolds number of 3,000,000, separation phenomens at the model should
be similar to comparable phenomena found in a 2—foot~dlameter wind
tunnel; whereas the 20—inch—wlde demonstration channel is comparable to
a wind tunnel about 0.4 inch in diameter.

CONCLUDING REMARES

Although the inherent limitations of the hydraulic analogy tend to
restrict the accuracy of the pressure distribution sbout a model, the
water chamnel is nevertheless a valusble instrument for the study of
two—-dimensional compressible flow. The significant flow quantities are
easily measured in the field sbout the model. The most serious restric—
tions imposed by the low Reynolds number mey be overcoms by building a
chennel at least 10 to 20 feet wide and by heating the water to 100° F
or more.
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Even a small, low Reynolds number chammel that 1s quickly constructed
end 1s economical both to build and to operate may be of apprecisble value
for the demonstration of compressibility phenomena. These demonstrations
should be especially valuable to the gtudent who is studying compressible
serodynamics because of the meny concepts which he msy obtein from the
operation of- the chamnel and the analysis of the results of the water—
channel experiments. The channel is gulte valuable for the purpose of
quickly checking new ideas and also as a gulde to the correct approach
in a wind-tunnel investigation.

Langley Aeronautical Laboratory
Retional Advisory Conmittee for Aeronautics
Langley Air Force Base, Va., October 31, 1949,
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